Abstract. In radiation therapy, the estimation of torso deformations due to respiratory motion is an essential component for real-time tumor tracking solutions. Using range imaging (RI) sensors for continuous monitoring during the treatment, the 3-D surface motion field is reconstructed by a non-rigid registration of the patient's instantaneous body surface to a reference. Typically, surface registration approaches rely on the pure topology of the target. However, for RI modalities that additionally capture photometric data, we expect the registration to benefit from incorporating this secondary source of information. Hence, in this paper, we propose a method for the estimation of 3-D surface motion fields using an optical flow framework in the 2-D photometric domain. In experiments on real data from healthy volunteers, our photometric method outperformed a geometry-driven surface registration by 6.5% and 22.5% for normal and deep thoracic breathing, respectively. Both the qualitative and quantitative results indicate that the incorporation of photometric information provides a more realistic deformation estimation regarding the human respiratory system.
Introduction
Respiratory motion management is an evolving field of research in radiation therapy (RT) and of particular importance for patients with thoracic, abdominal and pelvic tumors. Facing target locations in the upper torso, besides inaccuracies in patient setup and positioning, respiratory motion during treatment delivery induces a fundamental error source. To date, in clinical practice, the tumor is irradiated using RT gating techniques where the linear accelerator is triggered by an external 1-D respiration surrogate [1] . However, gating entails a low duty cycle, increasing the treatment time and hindering an efficient operation of the therapy facility. In contrast, real-time tumor tracking solutions [2, 3, 4] re-position the radiation beam dynamically to follow the tumor's changing position. Under ideal conditions, tracking can eliminate the need for a tumor-motion margin in the dose distribution while maintaining a 100% duty cycle for RT delivery [1] .
In particular, methods that infer the internal tumor position from external torso deformations are expected to improve radiation therapy. Based on realtime range imaging (RI), the 3-D surface motion field of the patient's surface with respect to a reference is identified and related to a previously learned model correlating the torso deformation with the target position [2] . Estimating the displacement field using conventional surface registration techniques relies on the pure 3-D topology of the patient. Instead, using modern RI modalities that additionally capture photometric data, we expect the registration to benefit from this secondary information.
Hence, in this paper, we introduce a method for the identification of a dense 3-D surface motion field over non-rigidly moving surfaces observed by RI cameras. Instead of capitalizing on the acquired surface topology, we propose to estimate the optical flow in the 2-D photometric domain. Based on the known relation between the sensor domain and the corresponding surface in world coordinate space, we then deduce the 3-D surface motion field. In experiments on real data from Microsoft Kinect, we have investigated the surface motion fields estimated with our method compared to a purely geometry-driven registration.
Materials and methods
The proposed method for estimation of a dense 3-D surface motion field of the patient's respiration state with respect to a reference relies on RI devices that deliver both photometric color and metric depth (RGB-D) information of the scene. Below, let g(ζ) and f (ζ) denote the geometric depth and photometric color measurements at a position ζ = (ζ 1 , ζ 2 )
T in the 2-D sensor domain Ω. Indeed, based on the pinhole camera model, an orthogonal depth measurement g(ζ) describes a world coordinate position vector x(ζ) = (x, y, z) T ∈ R 3 . In homogeneous coordinates, this transformation can be denoted as
where β x , β y denote the focal length. Using triangulation techniques, the point cloud X = {x} can be interpreted as a 3-D surface G. Fig. 1 illustrates the torso surface acquired from a male subject, textured with the color-coded orthogonal depth and photometric information, respectively. Below, we introduce our proposed method for photometric estimation of the 3-D deformation. In addition, we oppose a geometry-driven surface registration method. For the purpose of enhanced comparability and in regard to a potential combined formulation in future work, both approaches rely on a variational formulation.
Photometry-driven surface registration
The proposed method for estimation of a dense 3-D displacement field from 2-D photometric information is based on a two-stage procedure: First, we interpret
